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The IYelLriiinai~y Design Columbium Conbustor Test i s  a p a r t  oI' a pl-0- 
g a m  t o  da'elop a. cor-ted, columbiux conbustion chr-niber f o r  appl icat ion w i t h  
the TrIC Apollo S,h RCS engine, Ln conjunction v i t h  the  e r g h e  t e s t i n g  por- 
t i o n  of t h e  progrm, verious other  a c t l v i t i e s  a re ' a l so  being undertaken. 
ymse a c t i v i t i e s  include r&,allurgicel s tudies  of t h e  conbustor material/  
coating system, conbustor s t r u c t u r a l  and t h e r m 1  analysis and configuration 
nianagenent s tudies  f o r  incorporat2on of t he  par-t i n t o  the  Apo1l.o S/FI RCS 
engines. 
f i n a l  chamber conf iguratioii.  
to r  f i r i n g  t e s t  w i l l  be presented i n  t h i s  repor:. 

Folloving t'nese eff'orts, f i r i n g  tes-Ls wi.11 be conducted with tine 
Tne results of' th-. preliminary design ccrrlbus- 

The Preliminary Design C o l u r b i w  Coriibustoiq Tes t was conducted t o  dern- 
ons-ha te  the  t h e r m 1  and s t r u c t u r a l  adequacy of t h e  cooioustor des5.gn and t he  
associa'ied seal and a t tach  r i n g  design while o p x a t i n g  i n  t h e  steady skate 
and pulse males under conditions similar t o  tho;e required of t he  qua l i f ied  - 
Apollo S/bl RCS ccxbustor. < 

Two combustors vere  u t i l i z e d  i n  t h i s  t e s t .  Bo'ch combustors were sub- 
jected t o  a nearly identical .  t e s t  progran which consisted of a Continuous 
R u n  Test, Pulse Operation Survey Test ant! an Igiiitior, Test (see Figure 1). 
The d e t a i l s  of each t e s t  are s e t  f o r t h  i n  the  tc:st plan, Reference 1. Tne 
data acquired for  each t e s t  w i l l  be presentsd individual ly  for each conibbus- 
t o r  in 'the tex-t ol" t h i s  report .  Perforicsiice an6 therii:21 da ta  scqulred f r o a  
the Apolio S/14 RCS Ensine Qualification and Suppleaental Qxilti'icatioi? Tea t s  
(see Kefermces 3 and. 2, r e s p x t i v e v )  t iere included in a p p l i c 2 j l e  sectio3.s 

Des i s  C o l m b  i1-2 C czbus -to r 22s t. 
of t h i s  r q o r t  for CCZP?G$SO~ wit.h t.>?p &-L.R ~ 3 $ ~ ~ ~ ~ ~  frca ~ ~ ~ ~ ~ - i f i ~ ~ ~ i - ~ -  Y 
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0 
I. OBTECTIVE 

* 
"he objective of t h i s  report i s  t o  present the r s u l t s  of the  Prelimi- 

nary Design Columbium Combustor Test i n  p a r t i a l  fu l f i l lment  of NASA Contract 
NAS 9-6003. 

The purpose of the  Preliminary Design Columbium Combustor Test was 
t o  demonstrate the  acceptabi l i ty  and i s o l a t e  t he  problem areas,  if any, of 
a preliminary design C-103 columbium a l loy  combustor with a slurry applied 
s i l i c i d e  coating (Sylvania R-512A) and the associated conibustor s e a l  and 
a t t a c h  r ing  design f o r  application w i t h  the D l C  Apollo S/M RCS engine. 

- 1- 
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Three tests were conducted v i t h  each of two combustors: a Continuous 

Run t e s t ,  a Pulse Operation Survey test, and an Igni t ion  tes t .  Combustor No. 
2 was  subjected t o  the  tests i n  the order s ta ted ,  and combustor No. 1 under- 
went t e s t i n g  i n  reverse order. 
of operation and 10,000 starts (see Figure 2) without exhibi t ing s t r u c t u r a l  
degradation or design def ic iencies .  
from the  Continuous Run t e s t s  were compared t o  Apollo S/M RCS Qualif, 4 cat ion 
and Supplemental Qual i f icat ion Test r e s u l t s  obtained under s imi la r  conditions. 
This comparison showed t h a t  engine performance was unaffected by the  use of 
a columbium combustor and t h a t  the in j ec to r  head steady state and soakback 
temperatures of the  columbium engine configuration were lower than t h a t  of 
the  qual i f ied Apollo S/M RCS engine in j ec to r  head assembly. Both combustors 
underwent o’ver 600 off-design igni t ions ( i n  t h e  ver t ical-up f i r i n g  pos i t ion  
with saturated propellants), programmed t o  cause chamber overpressures, with- 
out  incurr ing a measurable o r  observed s t r u c t u r a l  degradation. 

Both combustors accrued over 1,650 seconds 

Performance and thermal da ta  acquired 

On the  bas i s  of t he  data generated, t h e  design of t h e  columbium com- 
bustor, with i ts  associated a t tach  hardware, is adequate and accepta l ie  
without change as the f i n a l  configuration. 

. I  
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rim P r e l h i n a r y  Design C o l u m ' o i ~  Combustor Test is  a p a r t  of a pro- 
,_  , .. ~. .- t o  dcvelop a coated, columbium combustion chamber f o r  appl icat ion with 

of t h e  program, various other a c t i v i t i e s  a r e  a l s o  being undertaken. 
: : .c  Y.IC Apollo S/M RCS engine. . ..,.I I - ,  
-:. ..;e a c t i v i t i e s  include metallurgical studies of the combustor material/ 
c .  .tirig system, combustor s t ruc tu ra l  and thermal analysis and configuration 
: :;.,.ge;ncnt studies for incorporation of the  pa r t  i n to  the Apollo S/M RCS 
q :.;jncs. 
:'I !.,dl chmber configuration. 
t o r  f i r i n g  t e s t  w i l l  be presented i n  t h i s  report .  

I n  conjunction with the  engine t e s t i n g  por- 

Following these efforts,  f i r i n g  t e s t s  w i l l  be conducted with the 
The r e s u l t s  of the preliminary design canbus- 

The Preliminary Design Columbium Combustor Test was conducted t o  dem- 
o:::;trate the thermal and s t r u c t u r a l  adequacy of the combustor design and t h e  
nssociuted sea l  and a t tach  r ing  design while operating i n  the skeady s ta te  
t::::i p u l s e  modes under conditions similar t o  those required of t he  qual i f ied 
hy3ollo S/M RCS combustor. 

Dro combustors were u t i l i zed  i n  t h i s  t e s t .  Both combustors were sub- 
jcc tcd  t o  a nearly i d e n t i c a l  test program which consisted of a Continuous 
Run Test, Pulse Operation Survey Test and an Igni t ion Test (see Figure 1). 
Tihc d e t a i l s  of each t e s t  are set f o r t h  i n  the  t e s t  plan, Reference 1. The 
d : l t R  acquired f o r  each tes t  w i l l  be presented individually f o r  each combus- 
t o r  i n  the t e x t  of t h i s  report .  Performance and thermal da ta  acquired from 
t1.c Apollo S/M RCS Engine Qualification and Supplemental Qual i f icat ion Tests 
( s e e  References 3 and 2, respectively) were included i n  applicable sect ions 
of this report  for comparison with t h e  data  obtained from the  Preliminary 
D C s  i@i Col.uniblm Combustor Test. 

-3- 
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Tes t  

0 

Combustor No. 2 Combustor No. 1 
P/N 228949 P/N 228949 

S/N 0002 S/N 0003 

I g n i t i o n  1 3 

Pulse Operation Survey I 2 I 2 

Continuous R u n  3 1 

Notes: - 
Combustor No. 2 was t e s t e d  with Engine P/N T-14100, S/N 0001-8 
and S/N 0001-9 

Combustor No. 1 was t e s t e d  with Engine P/N T-11+100, S/N 0001-10 
and S/N 0001-11 

%e ser ia lnuniber  of t h e  engines used fo r  t h e  I g n i t i o n  Tests  
were d i f f e r e n t  because the standard Apollo e x i t  b e l l  was re- 

F . l . " f l 7  .LA L *.!--4-..- placed by a ?,'E -L4lwl bCSlJ rLAuLuso 

FIGURF: 1 
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IV.3 DTSCUSSiON 

A. General 

"he Preliminary Design Columbium Combustor Test was conducted 
i n  two essent ia l ly  ident ica l  parts. 
proved tes t  plan M'IW 3448 (Reference 1). 
conducted between 2 November 1966 and 8 November 1966 with Engine P/N 
T-14100, S/N 0001-8 and 0001-9, which incorporated preliminary design com- 
bustor  No. 2 (P/N 228949, S/N 0002). 
were rnonomethylhydrazine and n i t r i c  oxide inhibited nitrogen te t roxide  (per 
MSC-PPD-2A). 
t i o n  t e s t i n g  and p a r t i a l l y  saturated f o r  the remainder of the tests. 

Both par t s  were conducted per NASA ap- 
The f i rs t  par t  of the t e s t  was 

!i'he propellants u t i l i zed  f o r  t h i s  pa r t  

The propellants were f u l l y  helium saturated during the  igni-  

The Preliminary Design Columbium Chamber Test with combustor 
No. 2 w a s  o r ig ina l ly  s t a r t ed  on 18 October 1966 with Engine P/N T-14200, 
S/N 0001-12. After the fourteenth run of the  Igni t ion  Tes t ,  which was the  
f i rs t  t e s t  scheduled, the tes t  was terminated due t o  a detonation i n  the  
oxidizer manifold which damaged the oxidizer valve standoff and seat. The 
combustor was not damaged. 
results of t h a t  invest igat ion are presented i n  Appendix I. 
i n i t i a t e d  with Engine P/N T-14100, S/N 0001-8. 

An invest igat ion of t he  incident w a s  made. The 
The t e s t  w a s  re- 

The second pa r t  of the preliminary design tes t  w a s  conducted be- 
tween 31 January 1967 and 8 February 1967 w i t h  Engine P/N T-14100, S/N 0001-10 
and 0001-11 which incorporated preliminary design combustor No. 1 (P/N 228949, 
S/N 0003) Ni t r ic  oxide inhibited nitrogen te t roxide and Aerozine-50 were em- 
ployed as the propellants f o r  t h i s  pa r t  of the  tes t .  
ncqlxtrec? f r m  this tes t  ere presented bsth i n  t h e  "as take=" cm<: t~m ar,fi 
corrected t o  standard Apollo conditions. 
saturated (see Section F, Method 11). 

Tne steady state data 

Both propellants were f u l l y  helim. 

As shown i n  Figure 1 of t h i s  report ,  both combustors were sub- 
jected t o  a Continuous R u n  Test, Pulse Operation Survey Test and an Igni t ion  
Test. 
t i ons  accrued on each combustor during each of t h e  tests conducted. 

Presented i n  Figure 2 are the burn time and number of a1titud.e igni-  

0 
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* THIS WMBR INCLUDES 103 STARTS ON EhGINE P/N T-14200, S/kI 0001-12 
WITH COMBUSloR No, 2. 

S/N 0001-12 WITH COMBUSTOR No. 2. 
* THIS WMEGB INCLUDES 1.85 SEC OF BURN TINE ACCURED ON ENGIN3 P/N T-14200, 

-0 . FIGUE3 2 
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Be Continuous Run Tzst Results 

0 

The objectives of the Continuous R u n  t e s t  were t o  demonstrate 
engine performance and the thermal and s t r u c t u r a l  adequacy of the columbium 
combustor and associated attach hardware when subjected t o  a long steady 
s t a t e  run a t  nominal Apollo conditions. 

The Continuous R u n  test, which was conducted per MTN 3448, Sec- 
t i o n  V-A as  amended by Deviation Sheet No. 10, consisted of conducting one 
500-second run w i t h  combustor No. 2 and two runs, one of 400 seconds dura- 
t i o n  and the other of 200 seconds, with combustor No. l. 

Both combustors successfully completed the  t e s t  under the con- 
d i t i ons  specified, with no indication of design def ic iencies .  
degradation was observed or measured, no engine performance degradation was 
measured, and the thermal charac te r i s t ics  of the columbium combustor were 
compatible with the  Apollo S/M RCS engine. 

No s t r u c t u r a l  

Presented i n  Figure 3 is a tabulat ion of the  steady s t a t e  per- 

This run was conducted with MMH as the  f u e l  and 
formance data  obtained from the  500-second run with combustor No. 2 (Engine 
P/N T-14100, S/N 0001-9). 
n i t r i c  oxide inhibi ted N2O4 a s  t h e  oxidizer; both propellants were p a r t i a l l y  
helium saturated per Section F, Method I of t h i s  report .  
da ta  are presented i n  the "as taken" condition, except f o r  thrust; and spe- 
c i f i c  impulse, which were corrected t o  t o t a l  vacuum (Pcell = 0). Specif ic  
impulse, t h rus t  and mixture r a t i o  (O/F) taken d i r ec t ly  from the  EUgure 3 
tabulat ion a re  plot ted against  run time i n  Figure 4. 
impulse was 278.5 seconds a t  a mixture r a t i o  of 2.10. 
erage propellant temperature was 51°F. 
two trim runs associated with the  500-second run. 

The performance 

A s  shown, the  spec i f i c  
For t h i s  ~ u n ,  t he  av- 

Figure 5 presents t he  dat,a from the  

The uncorrected pei-formance data  acquired from the 5QO-second 
run (run number 4316) of the  Apollo S/M RCS Engine Supplemental Qualif'ica- 
t i on  T e s t  (Reference 2) conducted under similar conditions, but  with stand- 
ard Apollo hardware, i s  presented in  Figure 6. 
taken a t  an average mixture r a t i o  of about 2.05 and propellant temperature 
of 61"~; hence, a d i r e c t  comparison with the  columbium combustor da ta  cannot 
be made. 
Engine Supplemental Qualification Program and the MMH Design Verif icat ion 
Program, three curves r e l a t ing  the  spec i f ic  impulse t o  mixture r a t i o  and 
propellant temperature were made. These three curves: spec i f ic  impulse t is  
a function of mixture ra t io ;  specif ic  impulse as a function of average pro- 
pe l lan t  temperature; and mixture r a t i o  versus average propellant temperature 
are presented i n  Figures 7, 8 and 9, respectively.  Us ins  these three rela- 
tionships, the spec i f ic  Fmpulfie calculated from the  columbium combustor 

This performance da ta  w a s  

However, by compiling a l l  applicable da ta  from the  Apollo S/M RCS 

- 7- 



0 
500-second run was corrected t o  the mixture r a t i o  and propellant tempera- 
t u r e  of t he  supplemental qualification 500-second run. 
of t h e  corrected columbium specif ic  impulse and the  supplemental qual i f ica-  
t i o n  spec i f ic  impulse versus run t i m e  is sham i n  Figure 10. 
ance i s  ident ical .  

A comparative p lo t  

! b e  perform- 

Sham i n  Figures 11 and 12, respectively,  a r e  the  steady state 
performance data taken from the 400-second and 200-second runs with cornbus- 
t o r  No. 1 (Engine P/N T-14100, S/N 0001-10). These two runs were conducted 
with f u l l y  helium saturated Aerozine-50 and N204 propellants. The satura- 
t i on  procedure used i s  s e t  f o r t h  i n  Section F, Method I1 of t h i s  report .  
A p lo t  of t e s t  condition spec i f ic  impulse, t h r u s t  and mixture rat;io versus 
run time f o r  the two runs is  depicted i n  Figure 13. Data tabulated from 
the  5-second trim runs associated with the  400 and 200-second runs a r e  shown 
i n  Figures 14 and 15, respectively. 

Figures 16 and 17, respectively, show the  400 and 200-second rua 
performance da ta  corrected t o  standard Apollo S/M RCS acceptance t e s t  condi- 
t ions.  Performance data, corrected t o  standard acceptance t e s t  conditions, 
acquired from a 500-second run (run number 1356) of the  Apollo S/M RCS 
Qualification Test, which was conducted under conditions similar t o  the  400 
and 200-second runs, i s  presented in Figure 18. Figure 19 cornpayes the  Isp 
performance of the  two engine configurations. The performance was s l i g h t l y  
higher with the columbium configuration; however, t h i s  difference i s  a t t r ib-  
u tab le  primarily t o  instrumentation accuracy tolerances and normal date. 
s ca t t e r .  

?"ne thermal charac te r i s t ics  measured during the Continuous R u n  
t.ests l r j , th the  tr;.o csp~5i.m c=zbus$crs are presented i n  Fig-ces  23 +L--**-b u11.I. u Wll 
22. For ease i n  comparing the  thermal charac te r i s t ics  of the  col.umbium com- 
bustor engines t o  the  standard Apollo S/M RCS engine, Figures 23 and 24 were 
included. 

Plotted i n  Figure 20 are the  in j ec to r  head, combustor f lange and 
b e l l  nut  temperatures as a function of run time fo r  the  500-secor1d run with 

.combustor No, 2. A s  noted on Figure 20, the  maximum in j ec to r  head and com- 
bustor flange soakback temperatures were 250'F and 3E?*F, respectively.  Be- 
cause-of an apparent thermoscope malfunction, a record of t he  throa t  tempera- 
ture was not obtained; however, since other temperatures recorded were simi- 
lar  t o  previously acquired da ta  th i s  run was not repeated. 

Plot ted i n  Figure 23 are t h e  in jec tor  head, f u e l  inser t ,  b e l l  
nut and throa t  temperatures measured during the  Orbi t  Retrograde Tes t  (run 
number 4316) of the Apollo Supplemental Qualification Test. This t e s t  was 
conducted with I I  f u e l  as was t h e  test  on'colwnbiwn coxbustor KO. 2. A 

* comparison of Figures 20 and 23 shows t h a t  the in j ec to r  head and b e l l  nut 

0 
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temperatures from the two engine configurations were essent ia l iy  ident ical .  
Soakback temperatures were not recorded during the Supplemental Qual i f ica-  
t i o n  Program; however from previous t e s t  experience a t  s imi la r  temperatures, 
the expected head and chamber flange soakback temperatures were probably 
about 315°F and 350"F, respectively. 
measured during the  Supplemental Qualification Test, was about 1950°F. 

The combustor th roa t  temperature, as 

The head, combustor flange, b e l l  nut and throa t  temperatures 
measured from the  400-second and 200-second runs conducted w i t h  combustor 
No. 1 a r e  shown i n  Figures 2 1  and 22, respectively.  Also sham i n  Figures 
21 and 22 are  the maximum head and f lange soakback temperatures. In  both 
cases, the m a x i m u m  head soakback temperature was 2 6 0 ' ~  and the maximum 
flange soakback temperature was approximately 315°F. The throa t  tempera- 
tu res  f o r  these two runs were about 2250°F. 
t i ons  during these tests were also recorded with thermal sensi t ive,  XR, 
f i lm.  
Analysis Report. 

Chamber temperature d i s t r ibu -  

These films a re  being analyzed f o r  inclusion i n  the  F ina l  Thermal 

Plotted i n  Figure 24 are the  various engine temperatures mea- 
sured during run number 1356 (500-second run) of the  Apollo S/M R C S  Engine 
Qualification Test conducted with Aerozine-50 fue l .  A comparison of Fig- 
ures 21, 22 and 24, as expected, shows the  columbium engine head and nut 
temperatures t o  be similar t o  the corresponding qua l i f i ca t ion  engine t e m -  
peratures during the burn test. !he columbium engine flange and head soak- 
back temperatures were 3l5'F and 255"F, respectively.  w p i c a l  f lange and 
in j ec to r  head soakback temperatures measured from Apollo S/M RCS production 
configuration engines are 450'F and 320°F, respectively.  
ture of the columbium combustor was ebout 180°F warmer than t h a t  of t he  Quali- 
-e t+cat.ion engine. 
preliminary thermal analysis.  
i n  accordance with these t e s t  data,  

The throa t  tempera- 

Tcis d i f f e r e x e  is  light% grea ter  t h m  predicted by the  
The f i n a l  thermal ana lys i s  w i l l  be corrected 

-9- 
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C. Pulse Operation Survey T e s t  Results 

The purpose of the  Pulse Operation Survey t e s t  was t o  demon- 
strate the  thermal and s t ruc tu ra l  i n t eg r i ty  of the combustor when su.bjected 
t o  a large number of pulses with a var ie ty  of pulse mode duty cycles. 

me t e s t  consisted of subjecting both combustors t o  80 runs of 
120 pulses (minimum) per run with e l e c t r i c a l  "on" times ranging from 0.010 
second t o  0.500 second, and e l e c t r i c a l  "off" times from 0.010 second t o  
0.300 second. 

A l l  runs of t h i s  test were successfully completed under the  
specif ied conditions without degrading the s t r u c t u r a l  i n t e g r i t y  of e i t h e r  
comb us tor. 

The Pulse Operation Survey tes t  conducted w i t h  combustor No. 2 
u t i l i z e d  N2O4, per MSC-PPD-2A, as the oxidizer and M" as the  fue l .  Eoth 
propellants were p a r t i a l l y  helium saturated per Section F, Method I. The 
propellants used f o r  the  Pulse Operation Survey t e s t  with combustor No. 1 
were N2O4, per MSC-PPD-2A and Aerozine-50; both propellants were f u l l y  he- 
lium saturated per the  procedure shown i n  Section F, Method I1 of t h i s  re- 
port .  

As specif ied i n  the t e s t  plan (Reference l), the  following pre- 
run conditions were required: 

Fuel I n l e t  Temperature, Tmf = 40 + 5'3' 

Oxidizer I n l e t  Temperature, = 40 - + 5°F 

= 170 + 2.5 ps ia  Fuel I n l e t  Pressure, P - 
(under flowing cond?%ions ) 

= 170 + 2.5 ps ia  Oxidizer In  l e t  Pressure, pmO - 
(under flowing conditions) 

Head Temperature, Thd 

Ce l l  Pressure, Pcell < 0.15 ps ia  - 
Verif icat ion of the  required temperatures and pressures f o r  t h e  

tests conducted with combustor No. 2 and combustor No. 1 was obtained by 
da ta  reduction as indicated i n  Figures 25 and 26 respectively.  
f u e l  and oxidizer inlet  pressures under steady s ta te  flowing conditions a re  
not  real ized during shor t  pulses, 5-second trim runs were used t o  e s t ab l i sh  

Since the  

0 
-i+- 



0 

t he  required prerun pressures. 
for the  oxidizer i n l e t  and 161 + 2.5 psig f o r  the  f u e l  i n l e t .  
equivalent t o  a 170 + 2.5 psia k e t  pressure under steady s t a t e  Tlowing 
conditions. 
the record pulse runs. 
s l i g h t l y  below the required l i m i t .  

These prerun pressures were 168 .i- 2.5 psig 
Bzth are 

All of The parameters were within t h e  specif ied l i m i t s  for 
On three  trim runs, the  head temperature was 

The c e l l  Dresswe was less than 0.15 
psia pr ior  t o  each run as ver i f ied  by inspection stamping the  engine log- 
boolrs . 
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D. Igni t ion "est Results 

The purpose of t h i s  t e s t  was t o  demonstrate the  s t r u c t u r a i  k- 
t e g r i t y  of the  combustor and the adequacy of the injector-combustor seal 
design when the engine is  operated a t  environmental temperatures equal t c  
the  minimum safe  temperatures of the S/M RCS engines. 

Both engines were subjected t o  90 runs of from 4 t o  9 pulses 
per  run. 
t r i c a l  Ol?F times varied from 0.100 second t o  1.500 seconds. A l l  but the  
last  pulse of each run had a normal 2 m6 mechanical f u e l  lead; t h e  last 
pulse had e i t h e r  a zero, 6 or 15  ms mechanical oxidizer lead, as prescribed 
i n  t h e  tes t  plan (Reference 1). All runs were conducted with the engine i n  
the  ver t ical-up f i r i n g  position. 

A l l  valve e l e c t r i c a l  ON times were 0.012 second, whereas the elec- 

As ver i f ied  by post t e s t  inspections, both engines sa t i s f ac -  
torily completed a l l  runs a t  the conditions required without exhibi t ing z q y  
degradation of s t r u c t u r a l  integri ty .  

Nitrogen tetroxide,  per MSC-PPD-2A, and MMH were the propellanzs 
used f o r  the ign i t ion  t e s t ing  of combustor No. 2 (Engine P/N T-14100, S/N 
0001-8), whereas the  ign i t i on  tes t  with combustor No. 1 (Engine P/N T-14100, 
S/N 0001-11) u t i l i zed  the  same oxidizer, b u t  incorporated Aerozine-50 as the  
fue l .  The propellants were fully helium saturated,  per Section F, Methd 11, 
fo r  the  t e s t ing  of both combustors. 

The following prerun l i m i t s  were specif ied by the  t e s t  plan: 

= 172 + 2 p i a  

= 172 i 2 psia 
Fuel Inlet  Pressure, Pmf - 
Oxidizer I n l e t  Pressure, pmo - 
Fuel Valve I n l e t  Temperature, Tmf 

Oxidizer Valve Inlet  Temperature, TQ 

Head Temperature, Tha - 

= 40 + 5'F 

= 40 + 5'F 
- 
- 

> 40'F 

Combustor Flange Temperature, Tchl = 40 - + 5'F 
B e l l  Nut Temperature, Tnut = 0 - + 5'F 
C e l l  Pressure, Pcell < 0.001 psia  - 
As shown i n  Figures 27 and 28, the  prerun temperatures f o r  the 

ign i t i on  runs with combustors No. 2 and No. 1, respectively,  were within t h e  
specif ied range. The head temperature p r io r  t o  run No. 24 with combustor 
No. 2 (Engine S/N 0001-8) was 1°F below the specified range, and the  t e s t  

-5%- 
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run was repeated. The c e l l  pressure w a s  l e s s  than 0.001 psia,  and the oxi- 
d i z e r  and f u e l  i n l e t  pressures were 172 + 2 ps ia  p r io r  t o  a l l  runs as ver i -  
f i ed  by inspection stamping t h e  respectiTe engine logbooks. 

Two accelerometers, oriented i n  the  manner shown i n  Figure 29, 
were mounted on both of the par t ic ipa t ing  engines t o  obtain an indicat ion 
of ign i t i on  charac te r i s t ics .  As y e t ,  no r e l i a b l e  cor re la t ion  between ac- 
ce le ra t ion  data  and chamber overpressure has been made. 
i s  therefore  primarily qua l i ta t ive  and is  presented f o r  completeness of 
documentation. The m a x i m u m  accelerat ion recorded during each run w i t h  com- 
bustor  No. 2 (Engine P/N T-14190, S/N 0001-8) i s  tabulated i n  Figure 27. 
Also tabulated i n  t h i s  f i g u r e  are t h e  ign i t i on  delay, pulse number a t  which 
peak accelerat ion occurred and other da t a  associated with the  maximum "G" 
load. Figure 28 presents t h e  maximum accelerat ions measured during each 
run with combustor No. 1 (Engine P/N T-14100, S/N 0001-11). Due t o  elec- 
t r o n i c  sa tura t ion  of the amplifier used t o  d r ive  t h e  oscil lograph galva- 
nometers, the ign i t ion  delay and other time depcndent da ta  associated w i t h  
maximum accelerat ion were not  reducible. 

The data  acquire6 

'0 
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E. Post !Pest Combustor Checks 

1 the  s t ruc tu ra l  The purpose of these checks was t o  ve r i ry  t r i "  ' 
i n t e g r i t y  of the  combustor was not degraded as a resulC #if' 

ing. 
test- 

A v i sua l  inspection, combustor-injector set. ' eak check and 
combustor O.D. measurements were made post test ,  

Combustors No. 1 and No. 2 were not damage5 ' 4 ' .  
as e 

r e s u l t  of combustion t e s t ing ,  

Visual inspection of the combustors a t  the ; '  f''XPective post 
tes t  disassemblies reveals no material  o r  coating degr-:, ' 'J On* 

sented i n  Figures 30 and 31, respectively. 
combustor-injector head s e a l  leakage r a t e  of combustor:, I : ' ) .  * and No* 
2.0 ps i  per 5 minutes and 2.5 p s i  per 5 minutes, respe','-,:'/C:u* 
ues were ver i f ied  by !DlC inspection stamp i n  the  engin2 ''4book* 
leakage rate values represent t he  t o t a l  decrease i n  lo./ ' I C  pressure 
f i l t e r e d  GN2 or ig ina l ly  a t  175 psi)  over a time period e t 4  5 
Apollo S/M RCS combustor-injector allowable leakage ra",- j r 3  l 5  psi per 
minutes. 
s ide  diameter dimensions of combustors No. 2 and No. 1, 'q-Mpect ive~* 
shown, ne i ther  combustor was deformed as a r e s u l t  of t c > '  'a,:na- 

Post tes t  photographs of combustors No. 2 :,',; are pre- 
me post C V . ~ / ' ' ~ ~ ~ ~ ~  test 

was 
!these V a l -  

!Itiese 

The 

Presented i n  Figures 32 and 33 are the  preter,' ' jnd post test Out- 
As 

-0 
-68- 
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F. Propellant Helium Saturation Methods 

1. Method I - P a r t i a l  Saturation 

I"ne propellants were pa r t i a l ly  helium.saturated by pressur- 
iz ing the  main storage or  pulse tank, whichever was applicable, f o r  a mini- 
mum of 24 hours a t  run pressure (- 185 psia)  and temperature (ambient o r  40 - -I- 5'F, 86 applicable) before the t e s t ,  

2. Method I1 - Complete Saturation 

The propellants were helium saturated by s t i r r i n g  while a t  
run pressure (172 + 3 psia)  and temperature (40 + 5°F) f o r  a minimum of four  
hours i n  the  case zf the oxidizer, and one hour Tor the f u e l  p r io r  t o  t e s t .  
This procedure was sham during the Apollo development program t o  r e s u l t  i n  
essent ia l ly  complete saturation. 

0 
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. V. CONCLUSIONS 

On the basis  of the data acqulred from the Preliminary Design Colum- 
bium Combustor Test, it was concluded t h a t  the thermal charac te r i s t ics  of 
the  columbium combustor and associated a t tach  haldware a r e  compatible with 
the Apollo S/M RCS engine and Apollo mission requirements, t h a t  the  mechani- 
c a l  design of the combustor and associated a t tach  hardware is  compatible with 
the  Apollo S/M RCS engine, t h a t  the s t r u c t u r a l  i n t eg r i ty  of the  combuctor 
material/coating system i s  adequate for Apollo S/M RCS engine applications,  
and t h a t  the  use of the  columbium cornbustor and associated a t tach  hardware 
i n  no way degrades engine performanceo 

0 
-74- 

I 



0 
VI. RECOMMEIDATIONS 

It is reconwended tha t  the preliminary design columbium combustor 
P/N 228949), cmbustor-head interface seal (P/N 228948) and a t tach  r ing  
P/N 228347) be accepted without modification as the  f inal  configuration. 

-75- 



APPEPDIX I 

Introduction 

The Preliminary Design Columbium Combustor Test ( Igni t ion Test) com- 
menced on 18 October 1966 with Engine P/N T-14200, S/N 0001-12 which incor- 
porated combustor No. 2. The Igni t ion Test was stopped a f t e r  14 runs be- 
cause an explosion i n  the oxidizer manifold damaged the  oxidizer standoff 
and valve seat.  The columbium combustor and associated a t t ach  hardware 
were not damaged by the detonation. 
preliminary design t e s t  was s t a r t e d  over with Engine P/N T-14100, S/N 0001-8, 
which incorporated combustor No. 2. 
sequent tests were conducted with a b e l l  nut temperature of zero + 5'F and 
a head temperature of 40'F o r  greater.  

After assessment of the incident, t he  

As a r e s u l t  of the investigation, sub- 
- 

m e  explosion occurred on the f irst  pulse of the fourteenth run. 
The previous run had consisted of nine pulses; I2 m s  on and 350 rns off .  
The time in t e rva l  between the  th i r teen th  and fourteenth runs was 17 minutes 
a t  a c e l l  pressure of about 13 microns (15 X 10-3 mm Hg). 
temperature and combustor flange temperature were l4OF and lg°F, respectively, 
a t  the  time of the detonation. 
oxide inhibi ted N2O4. me engine 
was oriented ve r t i ca l ly  up, An analyt i -  
c a l  study was conducted t o  determine the  mechanism t h a t  produced the  manifold 
detonation. The re8ul ts  of t h a t  analysis a r e  presented herein. 

J 
I 

The in j ec to r  head 

The propellants u t i l i zed  were I4X-I and n i t r i c  
The propellant temperatures were 40 + 5°F. 

Figure 1-1 summarizes the  run xata .  

~ummary of Proposed Mechanism 

The investigation discussed below shows t h a t  the following sequence 
of events, which is  strongly dependent upon engine temperature, o f fe rs  a 
plausible mechanism f o r  the observed explosion. 

During each pulse, f u e l  i s  spray d on the  wal l  from the  f u e l  coolant 
holes. This amounts t o  about 3.6 X lo-' pounds f o r  each 12-millisecond pulse. 

0 

D u r i n g  the in t e rva l  between pulses, a portion of the  f u e l  evaporates. 
This leaves pa r t  of the f u e l  s t i l l  on the  wall. 
the  f u e l  manifold evaporates. 
f o l d  during the  off t h e .  
oxidizer suppresses the evaporation of the  f u e l  from the walls. 

Almost none of the f u e l  i n  
Most of t he  oxidizer leaves the  oxidizer mani- 

The chamber pressure created by the  evaporating 

I- 1 



After the pulse t r a i n  ends, there  is about 3 x 10-3 pounds of f u e l  
Tne f u e l  manifold contains an addi t iona l  1.5 x 10-3 pounds. on the  wall. 

me f u e l  on the  w a l l  drains d a m  toward the  face of t h e  injector .  
t h e  same time, it i s  vaporizing and flowing out of the e x i t  nozzle. The 
drainage r a t e  is much f a s t e r  than the evaporation rate, so t h a t  within one 
second most of the f u e l  on the w a l l  forms a puddle on t h e ' i n j e c t o r  face,  

At 

The f u e l  on the  in jec tor  face flows i n t o  the oxidizer  manifold in- 
j e c t o r  holes. 
The flow rate through the  holes i s  comparable t o  the  drainage r a t e .  
l a r y  forces  are not su f f i c i en t  t o  prevent flow through' t he  holes. 

Capillary act ion a s s i s t s  i n  draining the  f u e l  i n t o  the  holes. 
Capil- 

!Be oxidizer manifold subs tan t ia l ly  f i l ls  with f u e l  before the evapc- 

I 
) 

r a t ion  from the  face eliminates the puddle. 

Re-evaporation of the MMH from the  oxidizer manifold is  a very ALA- 
I 

and poorly understood process. 
standoff. 
perature, it would take about s i x  minutes. The thermal mass of t he  bottom of 
the  standoff can provide the required heat, bu t  t h i s  would cause an 8 9 " ~  drop 
i n  temperature. If the  flow rate is  l imited by heat  flow through the l iquid,  
the  evaporation time would be over 100 minutes. The emptying may involve two- 
phase f l m  through the  in j ec to r  holes. Tnis would increase the emptying r a t e  
by some presently unknown amount. 
rapidly than emptying of the  oxidizer manifold because of t he  b e t t e r  iisa~; 
supply there. 
oxidizer  manifold w i l l  be suppressed. 

It is limited by heat flow i n t o  the thermal 
If the  f u e l  evaporates through the  in j ec to r  holes a t  t he  head ten- ! 

I 

b 

:I 
i. 

Emptying of the f u e l  manifold occurs more 

While the f u e l  manifold is emptying, evaporation out of the  
I 

A l l  the  processes described above depend on the  temperature of the 
head and w a l l s  of the engine. 
w a l l s  w i l l  evaporate more rapidly between pulses. 
tures ,  t h e  vapor pressure of the f u e l  inside the  oxidizer manifoifi w i l l  pre- 
vent some of the l iqu id  i n  the  puddle from enter ing t h a t  cavity. 
f i c i e n t u  high temperature, the problem should disappear because none of the  
f u e l  on the face of the in jec tor  can accumulate i n  the  oxidizer manifola. 

A t  higher wal l  temperatures, t h e  f u e l  on the 
A t  higher head tempera- 

A t  zr suf -  

Analyticai  Studies 
. I  

Each of the  items noted i n  the  Summary of Proposed Mecnanism w&s ?;he 
Most of the results depend on more subject  of an ana ly t ica l  investigation. 

bas ic  analyses conducted previously. 

0 
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Appendix I 

A. Fuel Spray on Val1 

Approxinzately 25 percent of t he  f u e l  flow occurs through the wail 
coolant holes i n  the  injector .  
pound per second. 

The nominal f u e l  flow i s  approximately 0.12 
If the  manifold i s  f u l l  a t  the start of t he  pulse, then 

- f u e l  on wall f o r  one pulse wp = ffi 
f = 25 percent - f r ac t ion  sprayed on va l l  

= 0.12 lb/sec. 

t = 12 milliseconds - pulse duration f o r  run 13 
wP = 3.6 X 10-4 lb. 

- nominal f u e l  flow rate 

- 
This creates a f i lm on the wall approximately 1 x 10-3 inch chicr: 

over 10 i n  2 surface area. 

B. h a p o r a t i o n  between Pulses 

Significant f u e l  evaporation does not t ake  place untii zhe 3x2- 
h ize r  manifold has emptied. While t h i s  process is  only par t ia iky -maersux5, 
it appears t h a t  t he  time t o  empty the  oxidizer  manifold a t  20°F head tempeya- 
ture is a t  l e a s t  300 milliseconds. Thus, very l i t t l e  f u e l  will evaporate 
f o r  350 milliseconds off time. 
perature is about lb/second f o r  1 m i l  thickness. 

The f u e l  evaporation rate a t  15°F w a l l  ten- 

C. Total Wall Fuel 

The m a x i m u m  amount of f u e l  which could remain on t h e  wall is znt; 
amount per pulse multiplied by the number of pulses. 
during a run, and some of it may react  with the  shutdown oxidizer. 
movies show t h a t  very l i t t l e  f u e l  flows out  of the  in j ec to r  dz ing  %he f i rs t  
pulse. 
manifold w i l l  be f u l l  when the valve f i rs t  opens f o r  each of the subsequent 
pulses. 

Some of t h i s  evaporates 
Cold flow 

In  a s t r i n g  with off times shor te r  than 350 milliseconds, the  f u e i  

vtot = (E .. 1) wp 
li - 7  - number of pulses 

W = 3.6 x lb.  - wal l  spray per puise  
W t o t  = 2.9 X 10-3 lb. 

- t o t a l  accumulation sr. wall 

F 

This f u e l  f o r m  a f i l m  with a thickness of a?proximately 9 x 10-3 
inches . 
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D. Wall Drainage and Evaporation 

The f u e l  on the walls drains down towards the  f ace  of the  injec-  
tor. 
w i l l  reach the face  of t he  in jec tor  within one second; 
versus time is  shown i n  Figure 1-2. 

An analysis  of the  drainage r a t e  f o r  MMH shows t h a t  70 percent of f u e l  
The f r a c t i o n  drEineci 

Evaporation from the  wall occurs simultaneously with the  drain-  

The time t o  evaporate 3 x 10-3 lb .  w i l l  be on the  order ai' 19 

age. %"ne r a t e  of evaporation f o r  a 20°F w a l l  i s  shown i n  Figure 1-3. 

seconds o r  more. 
hence the  f u e l  on the  walls w i l l  form a puddle on the  in j ec to r  face.  

Drainage is c l ea r ly  the  phenomenon with the  highest  ra te ,  

-E. Flow i n t o  the  Manifold 

The f u e l  on the  dish-shaped face  of t h e  in j ec to r  w i l l  cove=. tilt: 
The l iqu id  w i l l  flow i n t o  the holes i f  the f l u i d  w e t s  the  

Since MMH apparently wets most metals, t h e  holes w i l l  
i n j e c t o r  holes. 
i n t e r i o r  surface. 
f i l l .  The f l u i d  w i l l  flow through the  holes i n t o  the manifold if the  pres- 
sure d i f f e r e n t i a l  plus gravi ty  force is  s u f f i c i e n t  t o  over ome -the cap i l l a ry  
force  holding the  l iqu id  i n  the hole. A puddle of 3 x lo-' lb. of MMH cov- 
e r ing  1 in2 of surface w i l l  have a depth of approximately 0.10 i:nch. 
geometry a t  the  end of the  hole inside the manifold tends t o  r e d x e  the  
cap i l l a ry  forces,  hence the  estimate given below i s  conservative. 

lZle 

Flow w i l l  occur if 

Using : 

= 37 Wnes/cm - surface tension coe f f i c i en t  f o r  JWH 

r = 0.0017 inch - radius of the  oxidizer  i n j e c t o r  holes 

,d - 
h = 0.2 inch - depth of oxidizer  i n j e c t o r  holes 

9.902 gm/cm3 - density of MMK 

=. ;.L incn - depth of puddle over holes 
. I  

we f ind  that the  cap i l l a ry  forces  will be overcome and flow i n t o  the  manifo2. 
w i l l  o c c w  i f :  

- P, > 0.015 p s i  

1-4 
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The i n i t i a l  pressure i n  the  chamber and manifold w i l l  be &bout 0.0202 ps i e  
when the  10 m i l t h i c k  w a l l  f i l m  i s  evaporating. 
chamber pressure w i l l  increase, reaching 0.067 p s i  i n  approximately 0.3 see- 
ond.vhen the  w a l l  f i l m  has thinned down t o  about 1 m i l .  
age, a t r ans i en t  pressure gradient w i l l  arise between the chamber and the  
manifold of more than the  0.015 psi  necessary t o  i n i t i a t e  flow, 

As t he  f i l m  drains, the  

During t h i s  drain- 

The flow i n t o  the oxidizer manifold w i l l  continue u n t i l  e i t h e r  
t he  dr iv ing  pressure d i f f e r e n t i a l  disappears or the  manifold f i l ls .  A t  an 
i n t e r n a l  manifold temperature of 8'F, the i n t e r n a l  pressure would reach 0.077 
psia.  This would be s u f f i c i e n t  t:, s top  the  f low.  For lower manifold tem- 
peratures,  t he  f l o w  would continue. 

The cooling of t he  oxidizer m n i f o l d  due t o  evaporation 02 t he  
oxidizer  a f t e r  shutdown should provide more than enough cooling t o  reach 
t h i s  temperature. 
gines f i r i n g  damward, where much l e s s  manifold cooling occurs. 

Temperature drops of t h i s  magnitude a r e  observsL fcr ex- 

The r a t e  of flow from the puddle i n t o  the manifold depeEds or, 
t h e  pressure d i f f e r e n t i a l .  
head, t h e  f l a w  rate w i l l  be: 

A t  0.049 p s i  d i f f e r e n t i a l  plus t h e  grav i ty  

+ =  C D X  A X 4  2 g p m  

= 0.6 x 0.00792 4 2 x 386 x 0.0326 x 0.049 

= 0.0052 lb/second 

Therefore, the e n t i r e  manifold could be f i l l e d  with 1.3 x 10-3 pounds of' 
f u e l  i n  0.25 second. Hence, there w i l l  be ample time t o  f i l l  the  manifold. 

F. Evaporation from the Face 

The MMti i n  the  puditie w i l l  not evaporate aignificmT2y dhi ie  t he  
drainage is occurring because or" the higher pressures i n  t h e  chember c : ? ~ + . ~ ~  
by t he  f u e l  on the  w a l l .  After the drainage has occurred, there  w i l l  'be abouc 
as much f u e l  remaining on the  face  as there  i s  i n  the  oxidizer  mni fz l ? ,  1.3 X 
10-3 pounds of MMH. The evaporation time of th i s  mater ia l  from a 1 in' pudalr 
can be estimated using the rate f o r  a 10 mil film. 
the  l iqu id  below the  film surface.) 
t h a t  a t  l e a s t  13 seconds w i l l  be Yequired t o  evaporate. 
time t o  f i l l  t he  oxidizer manifold with fue l .  

(Free convection stirs 

This allows axpLe 
The r a t e  is  about lb/second, so 

I- 5 
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Appendix I 

G. Re-evaporation from the Oxidizer Manifold 

If the oxidizer manifold can f i l l  with MMK as hypothesizec 
above, it would take a very long t i m e  t o  empty it by evaporation alone. 
The surface area between the  preigni ter  tube and the  outer w a l l  is: 

A, = 0.0427 in 

The t o t a l  hole area is: 

AH = 0.00941 i n  

and theref  ore, 

A ~ / A ,  = 0.22 

A t  20?F, the  evaporation rate would be 

Gm0 = 2 X 10-7 lb/second 

The time t o  empty would be 103 minutes. 
at 10°F. 

This t i n e  increases 7 , ~  i3G LA.- . - 

The l iqu id  column i n  the manifold may not be s tab lz ,  kowever. At 
8'F, the  vapor pressure is:  

Pv = 0.077 psia 

The gravi ty  head of a 1-inch column of f l u i d  i s  only: 

= 0.032 ps ia  
a 

The pressme could force me  ~ i u i c i  uUc G? tk zanifoiti a f t e r  w e  
chamoer pressure drops Delow 0.045 psia  i f  nucleation 05 vapor bxbhl-es (sa:, 
occur. 
not be forced out .ader any conditions. 

A t  -12'F, the  vapor pressure wouia oe v.232 psle ,  s-"_d the i i q i i i B  a::-,t*-.. 

A t  some su f f i c i en t ly  high temperatwe, the  iiquiC vi)cLLu. unaou-aeaiy 
5e sprtlyeci out by vaporization a t  the  bottom of the  manifold. 
vies indicate  t h a t  t h i s  may not .occur f o r  temperatures less than 20°F f o r  MMH. 
Th.: mechanics of manifold emptying facing u.pward is not known weli enough t c  
y ie ld  a f i n a l  resolution of t h i s  issue. 

High speed mo- 
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C onc l u s  ions 

It seems c l ea r  t h a t  the explosion under invest igat ion could have been 
due t o  the drainage of MMH i n t o  the oxidizer manifold after the  previous run,, 
The MMH can build up on the  wal l  during a succession of pulses, because the  
w a l l  temperature and head temperature are too low t o  perrnit evaporation of 
the propellants during the 350 millisecond off time. 
can dra in  from the  walls and cover the  oxidizer in jec tor  holes with fue l .  
As the f u e l  drains, t r ans i en t  pressure d i f f e r e n t i a l s  are set  up which.wil1 
fo rce  t h e  f u e l  puddled on the face i n t o  the  oxidizer manifold. 
possible when the manifold temperature is  below about 8'F. 
emptying the f u e l  from the oxidizer manifold is  not f u l l y  understood. 
evaporation alone is involved, it could take over 100 minutes. 
the  manifold would increase the emptying ra te .  
ber  emptying suggest t h a t  boi l ing w i l l  not occur a t  head temperatures below 
20°F. 

The accumulated l i qu id  

This is  only 
The mechanism of 

If 
Boiling i n  

High speed movies of cham- 

' A l l  of the  s teps  i n  t h i s  process are temperature dependent. A t  a 
A t  some other  su f f i c i en t ly  high temperature, there w i l l  be no accumulation. 

temperature, l iqu id  which accumulates and dra ins  cannot flow i n t o  the oxi- 
d i z e r  manif old. 

The incidence of explosion i n  inverted engines can be reduced by in- 
creasing the  temperature of t h e  engine hardware. This conclusion is borne 
out by an  examination of conditions under which explosion8 have yreviously 
occurred. The bulk of such explosions occurred a t  head temperatires below 
40°F. 
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Appendix I 

PRE?iIMDARY DESIGN COMBUSmR IGNITION TEST DATA 

ENGINE P/N T-14200, S/N 0001-12 

COMBUSTOR NO. 2 

Temperatures w O F  Time Acceleration No. of 
R W  .Pulses On (ms) Off ( m s )  T~~~ Tch Thead to Next G max. 

R u n  ( m i n )  - 
. 1 15 

2 4 

3 Ii 

4 7 

5 7 

6 9 

7 9 

8 4 

9 4 

10 7 

11 7 

12 9 

13 9 

14 4 

50 

I 2  

12 

12 

12 

12 

I2 

12 

i2 

12 

12 

12 

I2 

I2 

62 

100 

100 

100 

LOO 

100 

100 

350 

3 j0 

350 

350 

350 

350 

600 

90 

. -16 

- 16 
-19 

-19 

-17 

4-18 

-18 

- 19 
-19 

-17 

-17 

-18 

- 
100 

23 

23 

20 + 5 

20 + 5 

20 + 5 
20 + 5 

20 + 5 

20 i- 5 

20 4- 5 

20 + 5 

20 + 5 

20 4- 5 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

100 

28 

28 

30 

30 

22 

25 

25 

23 

22 

21 

20 

19 

18.5 

44 

13 

6 

6 

8 

9 

6 

4 

6 

5 

8 

6 

17 

< 500 

<1100 

740 

* 800 

1700 

970 

1600 

1170 

1400 

930 

570 

720 

9070 
1st pulse 
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